Abstract -Thermodynamic simulation of the carbothermic chemical reactions likely to occur in the open bath of a d.c. transferred plasma-arc furnace using a standard slag comprising CaO, MgO, A1203, and SiO, as a basis, and with FeO, Crz03, MnO, and ZnO added at various carbon levels, has shown that the high temperatures expected in the arc attachment zone (AAZ) can cause unacceptable products to be produced at the expense of the desired ones and result in higher consumption of energy. The thermal inertia of the AAZ can be used in efforts to assess the level of control needed over the feed rate, distribution of the feed, and power input of a particular process in order to limit high temperature excursions, which cause so-called 'side reactions', e.g. the reduction of MgO to Mg vapour.
INTRODUCTION
A number of novel pyrometallurgical processes have been successfully demonstrated, some of which are currently being commercially exploited. These processes use an open bath of molten slag and metal into which the materials to be treated are fed, and onto which a transferred plasma-arc column is directed to effect the input of intense thermal energy. The energy is required to maintain the bath in a liquid state and to drive the chemical reactions, which are normally endothermic, thereby producing the desired products. Successfill applications include the remelting and smelting of ferrochromium from alloy fines and chromiteore fines respectively (ref.l), the remelting of ferromanganese fines (ref.2) , the production of magnesium by a thermal process (ref.3) , and the fuming of zinc metal from waste materials, i.e. dust and slags (ref.4) .
The open-bath transferred plasma-arc furnace offers significant advantages over submerged-arc furnaces, o r furnaces that have a solid layer of burden above the molten bath, for certain processes, including the following. Fine materials can be fed direct (i.e. without agglomeration) to the furnace, and the feed and power inputs can be controlled independently. Hence, it is possible to choose the overall temperature at which the process is operated. Also, high feed and power fluxes are attainable, which results in high productivity from a relatively small furnace volume, the process metallurgy is flexible, and products meeting the required specifications are attainable, even from low-grade raw materials in some instances.
The potential disadvantages of the open-bath configuration include the following. There is a high specific loss of energy via radiation from the exposed surface of the bath and the plasma-arc column, and via the sensible energy in the high-temperature off-gas; certain vapour species that would otherwise be largely captured in the solid burden of a submerged-arc furnace are lost, and careful design of the refractory lining is necessary to ensure long life. A critical requirement is the need for continuous balancing of the feed and power inputs, particularly in the arc attachment zone (AAZ), to minimize unwanted side reactions (i.e.
reactions other than those intended).
A detailed examination of the chemical and physical properties of the chemical species associated with a number of pyrometallurgical processes was recently carried out using Mintek's Pyrosim computer program (ref.5) . This was done in an effort to identify what process chemistry, (i.e. reactions) would take place under the potentially wide range of operating conditions that could be found in an open-bath transferred plasmaarc furnace. A better understanding of that subject should result in improved operation of processes which are already being operated successfully, and could extend the application of open-bath transferred plasmaarc technology to processes that have not yet been satisfactorily proven, e.g. the smelting of ferromanganese alloys.
M A S S A N D ENERGY BALANCES I N PYROMETALLURGICAL PROCESSES
Since the feed rate of the materials and the input of power via the thermal plasma arc are independent, a very careful balance must be reached so that the most appropriate temperature distribution across the bath can be attained and maintained. Careful consideration must be given to the identification of suitable criteria relating to mass and energy balances, so that the conditions leading to unwanted side reactions can be minimized. Such reactions demand additional energy, and result in the production of undesirable reaction products.
The predicted theoretical energy requirement for a given process under steady-state conditions can be calculated from thermodynamic considerations. The chemical constituents in the feed and those expected in the products must be specified, as must the process temperatures and pressure. The required feed rate to the process can be determined by calculation of the effective power available to the process after the 'heat losses', i.e. the rate at which energy is lost from the furnace have been accounted for. These losses occur essentially through the shell of the furnace (the hearth, roof, and side walls) and in any water-cooled components inside or on the furnace. The energy losses in the off-gas are normally specified in the thermodynamic considerations of the process.
Under steady-state conditions, a balance between feed rate and power input can be achieved relatively straightforwardly based on theoretical calculations and empirical operating experience (in particular for the determination of the actual energy losses and the analytical composition of the products). During moredynamic operating conditions, i.e. during heating or cooling of the furnace, changing of the recipe or a component of the feed, setting of a different power level to yield a greater or smaller throughput, or restarting of the furnace after a shut-down, optimum control of the process chemistry is often extremely difficult. Fig. 1 shows the relationship between the selected power level and the feed rate, which is a function of the required specific energy consumption, expressed in kilowatt-hours per kilogram of feed (or product). If the thermocouples in the side wall are used as the only monitors of the process (i.e. the bath temperature), it could take several hours for the imbalance between feed and power to be detected. However, the temperature in the AAZ, would be expected to increase substantially in a much shorter time, typically minutes rather than hours. The increased energy input would be used as follows. Some energy would be transferred away from the AAZ to the surroundings, some would be consumed in the AAZ itself (driving unwanted side reactions), while the balance would result in the establishment of a new, higher temperature level.
SE
Modelling of the energy transfer from the AAZ into the surrounding zones is extremely complex, but Brent has, on behalf of Mintek, made considerable progress in this area of research while studying at the University of Minnesota (ref.6). The temperature profiles within a liquid bath can now be calculated, using Brent's model, as a function of the power input and furnace geometry, but only in the absence of chemical reactions.
Even under steady-state conditions, the temperature distribution on the surface of the bath is expected to exhibit a steep gradient from the central arc attachment zone (probably 2000 to 3000°C) to the side walls (normally 1000 to 15OO0C) as a result of the very high temperatures present in the plasma column (10 000 -20 000 K). The choice of the recipe and the distribution of the feed between the AAZ and the area towards the side walls can assist in the control of the bath temperature and, hence, the reactions. However, the chemical reactions occurring in the AAZ are largely dominated by the high temperatures in that region and in the plasma-arc column.
THREE-ZONE BATH MODEL
The contents of an open-bath transferred plasma-arc furnace can be divided into three zones, namely: the arc attachment zone (AAZ), the liquid bath zone outside the AAZ, and the freeze-lining zone (which could be the refractory lining of the furnace or solid material associated with the process itself, e.g. slag, metal, or components in the feed that could be partly reacted). The zones are illustrated in Fig. 2 . and up to the 20 MW industrial scale is associated with a moderate increase in the power flux and power-tomass ratio in the AAZ, as shown in Fig. 3 . However, the projected scale-up to 60 and 100 MW would result in significantly higher values of power flux and power-to-mass ratio. The implications of this effect on the requirements for control of the balance between feed rate and power input were therefore studied. 
SIMULATION OF THE PROCESS CHEMISTRY I N THE AAZ OF THE PLASMA FURNACE
The slag system Ca0-Mg0-AI20,-SiO2 was chosen for the process simulations. Equal proportions of 25 per cent by mass of these four oxides were used to produce a slag with an acceptable liquidus temperature and with acceptable physical-chemical properties (such as viscosity and electrical conductivity). Reducible oxides such as iron oxide (FeO), chromium oxide (Cr,03), manganese oxide (MnO), and zinc oxide (ZnO), were introduced into the slag phase. The size of the addition was 10 per cent by mass (e.g. 100 kg of slag plus 10 kg of FeO). The carbothermic reduction reactions were simulated under equilibrium conditions from lGO0 to 2600"C, using Mintek's Pyrosim computer program and available thermodynamic data (extrapolated where necessary). In some instances, 1400°C was used as the lowest temperature.
The systems were modelled assuming multicomponent multiphase chemical equilibrium between the gas, slag, and metal phases. The possible formation of a solid carbide phase was also taken into account. The equilibrium calculations were performed using the technique of free-energy minimization. The nonidealities in the slag and metal phases were handled using the 'Ideal Mixing of Complex Components' approach (ref.7).
The lower temperature of 1600°C (or 1400°C) was chosen to represent the normal operating temperature for a slag of the above-mentioned composition, thus ensuring its fluidity and the dissolution and reduction of the added oxides of iron, chromium, manganese, and zinc by carbon. The upper temperature of 2600°C was chosen as being representative of the temperature levels that, it was expected, would be attained in the AAZ under operating conditions where some degree of overpowering was taking place.
The carbon additions were varied between 1 and 15 per cent by mass (relative to the four-component slag) to represent the extremes of mildly -and strongly reducing conditions (i.e. where the amount of carbon in excess of the stoichiometric amount required to completely reduce the oxide added to the slag was varied from 60 to over 500 per cent).
Tables 1 to 4 present some of the results from the simulations of the process chemistry in the AAZ. Table 1 shows the distribution of magnesium and silicon to the vapour phase in the four-component slag system alone, while Tables 2 to 4 show the distributions obtained from the systems in which FeO was added to the slag together with Crz03, MnO, and ZnO. The carbon additions shown are relative to the four-component slag only. An example of an extract from the detailed data base used for plotting of the graphical relationships is shown in Table 5 . 
RESULTS OF THE SIMULATIONS OF THE AAZ
On heating of the four-component slag, Ca0-Mg0-AI2O3-SiO2, from 1600 to 2600°C in the absence of carbon, very little chemical change will take place. However, as carbon is progressively introduced into the system, both MgO and SO2 are reduced. An FeO addition of 10 per cent by mass to the system has only a relatively minor influence on the reduction of MgO The proportions of magnesium (as Mg vapour) and silicon (as SiO vapour) relative to their respective contents in the feed are shown as functions of temperature and carbon addition in these two figures. It is interesting to note that the relative proportion of magnesium is greater than that of silicon at all similar temperature levels and for similar carbon values. For example, at 2000°C and 10 per cent carbon, the Mgv/Mgf ratio is about 60 per cent, whereas the Siv/Sif ratio is only 15 per cent. Fig. 5 shows that, at about 1900°C the Si ,,/Sif ratio for the addition of 15 per cent carbon is less than that for 10 per cent carbon. This is because, at the higher carbon level, silicon carbide forms more readily than does silicon monoxide. Fig. 6 shows the considerable increase in energy consumption with increased temperature and carbon addition to the standard slag phase to which FeO (10 per cent by mass) has been added. Operation of the process at 1600°C requires about 50 to 70 kWh per 110 kg of feed (plus the carbon addition) and there is only a minor increase with carbon addition from 2 to 15 per cent in this range (50 to 70 kWh). At 2000"C, the energy requirement increases from about 75 to 240 kWh per 110 kg of feed (plus carbon) as the carbon addition is raised from 2 to 15 per cent by mass. At 2600"C, the value for a carbon addition of 2 per cent is 125 kWh and, for one of 15 per cent, it is 305 kWh per 110 kg of feed (plus carbon). Fig. 7 shows a rather surprising phenomenon, namely that the reduction of MgO is more favourable than that of FeO at temperatures higher than about 2400°C, particularly where the carbon addition exceeds 5 per cent. The iron distribution to the metal falls to less than 40 per cent, and the proportion of magnesium reporting to the vapour phase increases to almost 80 per cent at 2600°C. The results when Cr,03 and FeO (each at 10 per cent by mass), are present in the standard slag are similar to those when FeO is present alone. At low carbon additions and lower temperatures, the iron is selectively reduced into the metallic phase, as shown in Table 3 . At more elevated temperatures and higher carbon additions, the tendency for magnesium oxide to be reduced and to vaporise as magnesium metal and for silicon monoxide gas to form increases to levels similar to those shown in Figs. 4 and 5.
At carbon levels of less than 5 per cent, the reduction of chromium to the metallic phase is more favourable at 1800°C than it is at 1600°C. Iron oxide is optimally reduced at about 1600°C and about 4 per cent carbon, as shown in Fig. 8 . At 2600"C, the reduction of both iron and chromium oxides is less favourable than at the lower temperatures as a result of the preferred reduction of MgO and SOz. Manganese oxide is reduced carbothermically to manganese metal, which has a relatively low boiling point (about 2060°C) and a high vapour pressure.-The manganese is therefore readily distributed to the vapour phase, as can be seen in Fig. 9 , where the manganese distribution is shown as a function of temperature for a carbon addition of 5 per cent. The optimum recovery of manganese from the slag into the metal phase (approximately 60 per cent under these conditions) is achieved at about 1600"C, where the vapour losses are still less than 5 per cent of the manganese in the feed. 
THE THERMAL INERTIA MODEL AND CONTROL OF THE PROCESS
Steady-state conditions should be maintained in the AAZ at the optimum temperature level to maximize the required chemical reactions, give high recoveries of the products, and minimize the undesirable side reactions. A general thermal inertia model (TIM) has been developed for use in evaluation of the control requirements of the pyrometallurgical processes discussed earlier. The resistance to a change in temperature, which has been termed 'thermal inertia', can take several forms, e.g. heating of the slag and metal, shifting of the equilibrium between the metal and slag phases, driving of the side reactions, and increase of the molten-bath area. In the present work, the time taken for the temperature of the AAZ to rise by 100°C was used as a measure of thermal inertia. Although the thermal inertia of the bath as a whole is of importance in regard to the furnace reaching a given steady-state condition, it is the AAZ that is of primary concern when control of the process itself is borne in mind.
The sensitivity required in the control of the balance between feed rate and power input can be determined by use of the thermal inertia model. When the temperature of the slag phase is raised on its own from, say 1600 to 1700"C, there is relatively little thermal inertia. Fig. 10 shows that the time required for the AAZ to reach a higher temperature decreases markedly with increased overpowering of the process. An example of the time taken to reach 400°C higher is also shown in this diagram. Hence, the estimated 0.93 kg of slag (see Table 6 ) in the AAZ (of the total of lOOkg of feed) can be heated by 100°C in only about 6 minutes if the power exceeds that required for steady-state conditions by only 1 per cent. When FeO (10 per cent by mass) is added to the slag, the time taken for the AAZ to reach 1700°C from 1600°C is about 16 minutes, i.e. about three times longer. The uncertainties regarding the calculation of the true thermal inertia in the AAZ result from the difficulties encountered in measurement of the area of the AAZ and, more particularly, the depth to which the high temperature of the plasma arc penetrates the molten bath. Modelling of the transfer of thermal energy by radiation, convection, and conduction from the surface of the AAZ to the surrounding areas, in the furnace atmosphere and the liquid bath is very complex. If, as postulated by Brent (ref. 6) , the depth to which the AAZ penetrates beneath the slag (shown as h in Fig. 2) is relatively shallow and the diameter of the AAZ (shown as d in Fig. 2) is only slightly greater than that of the electrode (about 50 per cent greater), then the volume and, hence, the mass of the AAZ is rather small compared to that of the total bath. The size of the AAZ (i.e. area/volume) becomes progressively a smaller proportion of the total furnace volume, and the ratio of the size of the AAZ to the power level also decreases. This results in greater sensitivity to the balance between feed and power, in that the absolute rates are not only much greater, but the thermal inertia in the relatively smaller proportional AAZ volume is lower, as shown in Table 6 . Therefore, at even 0.5 per cent overpower at 100 MW, it would take the projected mass of 157 kg of slag in 
S U M M A R Y A N D CONCLUSIONS
(1) The control over the feed rate and power level to within about 0.5 per cent accuracy appears to be necessary, particularly at power levels greater than 20 MW, so that the unwanted increase in energy consumption caused by increased bath temperature and the favouring of undesirable side reactions can be avoided.
(2) These side reactions include the carbothermic reduction of magnesium oxide to magnesium vapour and of silicon dioxide to silicon monoxide gas. Temperatures above 2000°C and carbon additions of 5 per cent and higher favour the reduction of these two common slag-forming oxides even, somewhat surprisingly, in preference to that of iron oxide.
(3) There is a marked increase in the thermal inertia of the AAZ and furnace bath as a whole with increased temperature and level of carbon additions as more endothermic reactions occur. This thermal inertia tends to limit to some extent a temperature runaway in the AAZ under equilibrium conditions. However, in an open system, in which vapour species can be transported away from the bath (as would occur in practice), rapid deviations from optimum operation can easily occur.
(4) Direction of the feed materials into the AAZ generally has a beneficial effect, because it controls the temperature and chemical reactions taking place. The carbon content of the recipe in this zone can play a major role in determining what reactions take place. To limit and control side reactions, the carbon level can be set to below the stoichiometric level for complete reduction in this hightemperature zone (above 2000°C). The balance of the carbon needed to complete reduction of the required product can be added to the slag bath away from the AAZ in the lower-temperature region (say 1600°C) under conditions much less conducive to the development of side reactions.
(5) It has been shown both theoretically and in practice that iron and chromium ore can be successfully smelted in an open-bath plasma furnace under the appropriate operating conditions. The smelting of manganese ore is predicted to be much more difficult because of the potential for extensive losses of manganese to the vapour phase. However, it should be possible to smelt manganese ore successfully with limited carbon in the feed to the AAZ, the balance (and probably some excess) of the carbon being fed to the lower-temperature (below 1600°C) region outside the AAZ.
(6) The thermodynamic determination of the process chemistry of the species associated with a particular process under the temperature conditions likely to be present allows the optimum feed recipe, feed locations, process control, and equipment to be designed. The suitability of an open-bath transferred plasma-arc furnace for several metallurgical processes has been investigated on this basis with some rather unexpected results.
(7) If this thermodynamic approach were to be combined with the dynamics of the system, i.e. if the mass and energy transfer rates between the zones of the bath and the furnace environment were to be included, as well as the rate of the chemical reactions under open conditions (i.e. not a closed equilibrium), an even better assessment of the thermal inertia and control requirements should be possible. The present investigation has nevertheless demonstrated the value of this approach, which has not only allowed the metallurgical reactions and energy-balance considerations in an open-bath plasma furnace to be evaluated for several processes, but which could be extended to other processes.
